Abstract Rats are an important vertebrate pest of oil palm in Malaysia. This damage translates into substantial economic loss to the oil palm plantation sector. We used habitat factors dervived from GIS data to develop a logistic regression model to predict rat occurrence in a FELDA oil palm plantation in Sabah, Malaysia. Our logistic regression results predicted a high occurrence of rats in young palms areas (\3 years) and in areas near the plantation roads. The rat occurrence areas were further examined using a detailed land cover types generated from a high-resolution satellite image (GeoEye, spatial resolution: 0.5 m). Our results showed that the combination of bare or open areas bushes mixed with partial shades of young palms is important to the survival of Rattus rattus diardii, a highly adaptable rat species that dominated the plantation. The combined use of GIS and high-resolution satellite remote sensing techniques enhanced our understanding of rat occurrence in oil palm plantation. Our results suggest these techniques can be used to predict rat occurrence and can be used to guide the rat baiting program in the oil palm plantation.
Introduction
Oil palm (Elaeis quineensis Jacq.) is the most important plantation crop in Malaysia. The increase in land area devoted to oil palm plantations in Malaysia has increased *10-fold since the 1970s. Oil palm plantations encompassed only 641 791 hectares in 1975 (MPOB 2015a) and have increased to more than 5.39 million hectares by the end of 2014 (MPOB 2015b) . This accounts for more than 15% of Malaysia's total land area and contributes RM 63.62 million to the 2014 exports (MPOB 2015c) .
Oil palm are affected by a range of pests, such as the rhinoceros beetles (Dynastinae), bagworms and rats (Darus and Basri 2000; RISDA 2010) . Rats damage the fruit bunch and cause stunted growth in both mature and young oilpalm trees (Hafidzi and Saayon 2001) . The levels of damage to oil palm infructescences are significantly correlated with the relative abundance of rats (Puan et al. 2011a) . Besides food availability, rats are prevalent in oil palm plantations because of the favorable environment provided for breeding and hiding from predators (Hafidzi 1995) . The most widespread rat species found in Malaysian oil palm plantations are the Malaysian wood rat (R. tiomanicus), the black rat (Rattus rattus) (Buckle et al. 1997) and Rattus argentiventer (Payne et al. 1985; Puan et al. 2011a ). These species adapt well in and near oil palm plantations Hafidzi 1993 Hafidzi , 1995 .
There have been numerous studies on the abundance, behavior, habitat and biological control of rats in oil-palm plantations (Wood 1984; Hafidzi and Saayon 2001; Naim et al. 2010; Puan et al. 2011a) . Most of these studies have emphasized on ecological and temporal fluctuations of rat numbers in oil palm plantations. On the other hand, Puan et al. (2011b) reported some spatial association patterns between vegetation cover and rat abundance in oil palm plantations. Additional research on this topic is highly desirable but only high resolution satellite images can possibly generate land cover map at a local scale. In this study, we reported on the combined use of high resolution satellite image and GIS data in understanding rat occurrences in an oil palm plantation in Sabah, Malaysia. We used the object-based classification approach to generate the land cover types of the oil palm plantation from a GeoEye image. We then examined the land cover types by rat occurrence probability classes derived from logistic regression modeling using GIS data.
Methods

Study area
Our study area is an oil-palm plantation of about 1 500 ha owned by Felda Agricultural Services Sdn Bhd (FASSB). The study area is located at Lahad Datu, a district located in Tawau Division, in the eastern part of Sabah, Malaysia (Fig. 1) . The main economic activities of Lahad Datu involve oil-palm plantations, cocoa plantations and fishing. The Lahad Datu Palm Oil Industrial Cluster (POIC) was established in 2005 to promote and develop palm-oil industry in the region. Including the study area, most of the rural areas of Lahad Datu are covered by the oil palm plantations of the Federal Land Development Authority (FELDA). The nearest forest is Tabin Wildlife Reserve, which is 50 km away. The annual rainfall at the study area ranges between 1000 and 2000 mm without any obvious seasonal pattern. The study area is located in the lowlands with an elevation range from 10 to 100 m a.s.l.. The ages of oil palms varied from newly planted to 26 years old palms. Rat baiting using rodenticide has been carried out on the plantation from time to time on an as needed basis.
Rat trapping
Rat trapping at the plantation was conducted from end of January 2010 until end of February 2010 to estimate rate occurence. During our first visit to the study area in June 2009, we were informed that rat baiting was carried out a month before. As reported by Wood and Liau (1984) , a normal population density of R. tiomanicus of about 250 rats per ha can only be attained 6 months after baiting. Prior to the trapping in January 2010, we analyzed the rainfall patterns of ten normal years between 1988 and 2009. Average rainfall of January and February were about 94 and 85%, respectively, of the monthly average of the normal years (124.2 mm). Average number of rain-days of January and February were 12 and 9 days, compared to the monthly average of 12 days of the normal years. In essence, the rainfall events during the trapping period did not differ significantly from the previous 10 years rainfall average.
To select the location of trapping sites, we overlaid layers of planting age, digital elevation model, rivers and roads to determine locations that contained all planting ages, overall topographic condition and different proximity to roads and rivers. We then ensured that our transects covered all conditions of the study area. Each transect line was 350 m long with the intervals between adjacent trapping points being 50 m. At each trapping point, two traps with fresh oil palm fruit and about 5 g of salted fish as bait were placed at opposite sides of the nearest palm. One wireframe drop-door cage trap (28 9 17 9 10 cm) and one foldable aluminum trap (23 9 10 9 8 cm) were used at each trapping point. In total, there were 16 transect lines with 128 trapping points (Fig. 1 ). Traps were checked and reset every morning. Trapping continued at each point for four consecutive nights. Location of each trapping point was determined using a handheld GPS (Garmin GPSmap 60CSx).
Ranging and nesting areas of rats were examined using radiotracking. Radiotracking equipments consist of a receiver (TRX-1000WR, Wildlife Material Inc.), transmitters and a three element Yagi antenna. Transmitters (Wildlife Material Inc.) with a frequency range of 151.000-151.999 MHz (Rabinowitz 1993) and were less than five percents of the body weight were used (Buckle et al. 1997) . The Yagi antenna has a high accuracy in pinpointing the location of the animal based on the line of the strongest signal (Buckle et al. 1997) . The majority of the rats were R. diardii, so we radiotracked six male and six female rats in the FASSB plantation to understand their ranging and nesting areas. We radiotracked rats on foot and estimated their locations using the triangulation method (Kenward, 1987) . Coordinates of the locations were recorded using Garmin GPS 60CSx.
Rat occurrence analysis
The trapping points were imported into ArcGIS 9.3 for analysis with GIS data, which included plantation compartment, planting age, road, river and human settlement layers. These GIS data were digitized from a plantation map obtained from the Felda Agricultural Services Sdn. Bhd (FASSB). We found that the plantation map generated by the company staff using handheld GPS overlaid well with the GeoEye image. We also acquired a 30 mdigital elevation model (DEM) from the shuttle radar topography mission. The DEM was used to generate the slope and aspect maps.
The rat trapping location data (n = 128) were divided into two sets with five plots affected by haze or cloud in the satellite image being removed; even number (n = 62) and odd number (n = 61) points for rat occurrence modeling and accuracy assessment, respectively. Rat occurrence was modeled as the probability of rat occurrence [P(Y)] with a logistic regression model, as follows,
where P(Y) = probability of rat occurrence, e = 2.718, a 0 = constant,
Planting age (Age), slope (Slope_%), aspect (Aspect_deg), elevation (Elevation), land cover type (Land_cover) from a GeoEye image (spatial resolution of multispectral bands: 2 m; panchromatic band: 0.5 m) as well as distances from road (Road_dist) and river (River_dist) were the habitat factors used in the logistic regression analysis. Some of the habitat factor data were reclassified into binary values of one and zero that correspond to presence and absence, respectively. The rat occurrence data were overlaid on each variable for determining the threshold between ''abundant'' and ''rare''. Threshold for the planting age was 3 years (Age_3 years) because oil palm generally starts to produce fruits from age of 3 after planting. Thresholds for the river distance and road distance factors was 50 m (River_dist50 m; Road_dist50 m) as to include most rats associated with these factors. Assuming a circular shape, the radius of the ranging distance of rats determined using the radiotracking data was less than 15 m at mean ? 3SD. An additional threshold at 75 m was also applied on the road distance to generate Road_dist75 m because of many rats were observed near the plantation roads. The backward stepwise logistic regression analysis in statistical package for the social sciences (SPSS) 12.0 was used. The akaike information criterion (AIC) was used in final model selection. This criterion measures model-fit in a manner similar to adjusted deviance, but also penalized models for additional parameters (Aho et al. 2014) . The model with the lowest AIC was considered the best fitting of the models in this study.
In addition, the final model resulted from the logistic regression was assessed with receiver operating characteristic (ROC) curve. The ROC curve was constructed with the function of the logistic regression to calculate the sensitivities and specificities of probabilities plot. From the constructed ROC, goodness of fit for the rat occurace model prediction was assessed with the value of the area under the curve (AUC) with 95% confidence interval and 0.05 significance level. The resulted regression model was then used to produce a rat-occurrence map. The overall success of predicting rat presence and absence can also be assessed by the error matrix and kappa statistic (Congalton 1991) . These accuracy measures of the rat occurrence map were calculated using the odd number data set.
GeoEye image and processing
The GeoEye image was taken on 23 September 2009. Cloud cover in the image was less than 10%. The GeoEye image was first georectified in ArcGIS 9.3. Then the image was pan-sharpened so that the multispectral bands matched the spatial resolution of the panchromatic band. The process had generated a sharp image for object-based classification at later stage.
Object-based classification has been dominating image classification studies in recent years (Ke et al. 2010; Cleve et al. 2008 ). It yields better accuracy when compared to conventional pixel-based classification (Cleve et al. 2008) . In medium resolution satellite, an object, e.g. a tree, is contained within a pixel. In contrast, many pixels in a highresolution satellite image constitute an object. Thus, we employed the object-based classification approach for classifying oil palm from other land cover types, e.g. grass, bush and bare land.
A normalized difference vegetation index (NDVI) image was generated in ERDAS Imagine 9.2. NDVI is indicative of green vegetative biomass (Bonan 1993) . The NDVI image was imported into SAGA GIS 2.0 (http://www.saga-gis.org/en/index.html) for segmentation using the fast region growing algorithm. The resulted objects were imported into ERDAS Imagine 9.2 to extract mean values of the four pan-sharpened multispectral bands. Supervised classification with maximum likelihood algorithm was then conducted to classify the image into the land cover classes.
Accuracy assessment is an important step for every image classification. Similar to the rat prediction assessment, map accuracy can also be assessed with the error matrix and kappa statistic. For this study, accuracy assessment was carried out to gauge the quality of the object-based classification. For this, a reference layer that covered the study area was created with systematic point sampling at 200 m interval. The GeoEye image provides great details of objects that can be recognized by human eyes. The land cover type of each point was interpreted as oil palm, bush, grass, shades between palms, bare land, cloud and its shadow. The error matrix was then created using the reference layer and land cover classification image.
Results
Rat occurrence in the oil palm plantation
We captured 175 rats with a trapping success rate of 16.1%. Of the rats captured, slightly more than half were males. Three rat species were found in the FASSB plantation in Lahad Datu. Almost all were R. diardii (n = 172) with only two Rattus whiteheadi and one R. argentiventer being captured. Interestingly, R. tiomanicus, common to oil-palm plantations in Peninsular Malaysia, was not found in the study area.
Rats were most abundant (n = 144) in the young oil-palm area (\3 years) with relatively few (n = 31) being captured in the mature oil-palm areas. The majority (98%) of the rats captured in the young oil-palm area (25.4%) were R. diardii. In the mature oil-palm area, 100% of the rats captured were R. diardii (Fig. 2) . Their ranging and nesting area was estimated using the minimum convex polygon (MCP) method. An asymptote for the range size was reached after 32 ± 8 radio fixes (about four days of radiotracking). The mean ranging and nesting area was 692 ± 460 m 2 for R. diardii, of which the male R. diardii had a much bigger ranging and nesting area compared to the female (Table 1) .
Rat occurrence map
The logistic regression analysis had resulted in a rat occurrence model with a Nagelkerke R 2 of 0.607 (Table 2 ). The three-variable model had the lowest AIC (Table 3) . Among the three variables, planting age was the most statistically significant variable in the model (p \ 0.001). This was followed by the continuous variable of distance from road and the binary variable of 50 m from the road (p \ 0.05). The rat occurance model had an AUC value of 0.908, indicating that the model could satisfactorily classify the presence and absence of rat (Table 4) . The rat-occurrence map of the study area was produced by applying the logistic regression model with the habitat factors in ArcGIS (Fig. 3a) . The map was reclassified with P(Y) [ 0.5 as presence and absence otherwise. It shows areas of high probability of rat occurrence in blue (Fig. 3b) . These areas had a combination of planting age below three and within 50 m from the plantation's roads. In contrast, mature oil-palm areas that are far from roads were relatively low in probability of rat occurrence. Radiotracking of six male and six female rats was conducted in the field to estimate the ranging and nesting area of R. diadii Overall accuracy of the rat occurrence map was nearly 80% but the kappa statistic value was only at a moderate level (0.53; Table 5 ). The producer's and user's accuracies for rat absence were 89.5% and 79.1%, indicating both omission and commission errors were relatively low. While the producer accuracy was 77.8% for rat presence, the user's accuracy was only 60.9%. In other words, about one-third of the points were predicted as present but rats were absent at these points.
Land cover types of the rat occurrence areas
The systematic sampling generated 319 points, which were used to calculate the accuracy measures for the land cover classification. The accuracy measures are shown in Table 6 . The overall accuracy and kappa statistic were 91% and 0.88, showing an overall success of the classification. For individual land cover classes, the user's accuracies ranged between 88 and 98%. The producer's accuracies were also within similar range.
Nesting area obtained from radiotracking in this study showed that rats do not move far away, thus regression model developed was considered satisfactory. By applying the regression model in ArcGIS, high [P(Y): [ 0.5] and low [P(Y): \ 0.5] rat occurrence areas were identified. These layers were then resampled to match the spatial resolution of the land cover classification. Cloud and its shadow, comprised of about 5% of the satellite image area, were removed for further analysis on the land cover classes in the high and low rat-occurrence areas. Figure 4 shows the land cover classes of the high rat-occurrence area. Table 7 shows the area and percent of each land cover class in the high and low rat-occurrence areas.
Overall, about 35% of the plantation was predicted as high rat-occurrence area. The remaining 65% of the plantation was low in rat occurrence. These areas are mostly covered by oil palm and shade between palms (about 74%). In contrast, the high rat-occurrence areas had less than 50% of these land cover classes. Bareland in the high rat-occurrence area was about 25% compared to less than 10% in the the low rat-occurrence area. Bush in the high rat-occurrence area was two times higher than in the low rat occurrence area. There was only a marginal difference between high and low rat-occurrence areas for the grass cover percent.
Discussion
GIS is widely used in predicting pest-species distributions or occurrences (Karimzadeh et al. 2014) . However, the prediction of rodent distributions using GIS has been relatively few (Pereira and Itami 1991; Menzel et al. 2006) . In our study, we used logistic regression to predict the rat occurrence probability in an oil palm plantation in Sabah, Malaysia. The rat occurrence prediction had an accuracry of about 80% overall. Thus, high occurrence areas indicated in the rat-occurrence map can be used as a guide to assess rat occurrence at the FASSB plantation. Abundance of food source and suitability for nesting are main reasons for the high occurrence of rats (Hafidzi 1995) . The high rat-occurrence area comprised of young palm area (\3 years) and near to road (\50 m). The young palm areas are combined with vast Fig. 3 a Rat occurrence probability map of the FASSB plantation generated from the model. b Rat occurrence probability classes of the plantation. Predominant effect of planting age was found in the study area. Influence of distance from the roads can also be observed (Color figure online) areas of grassland and ground-covering low thickets which are often the areas where R. rattus has been reported (Payne et al. 1985) . The land cover map generated from the object-based classification of the GeoEye image indicated that the high rat-occurrence areas had high percent of bare land and grass cover compared to the low rat-occurrence areas. These areas were mainly found in the few blocks that were recently replanted. In general, rats avoid bare area, which is very exposed to predators. Rattus tiomanicus (Buckle et al. 1997) can nest in palm crowns (Wood and Chung 2003) . This rat species, commonly found in oil palm plantations of Peninsular Malaysia, is known for avoiding open area due to predatory risk and prefer to use ground vegetation while foraging in an oil-palm area (Buckle et al. 1997 ). In our study area, the most dominant rat species was R. diardii. In contrast to our study, previous work has shown an inconclusive spatial associations between vegetation cover and height and rat number in an oil-palm plantation that was dominated by R. diardii Puan et al. (2011b) . In this study, although about a quarter of the high rat-occurrence areas were bareland, there was almost 20% bush cover especially in the 2-year old planting areas. Together with the grass and shade between palms, these cover types to certain degree reduce the exposure of rats from predators. Puan et al. (2011b) pointed out food abundance could be one of the factors that cause the inconclusive relationship between the ground vegetation factors and rat abundance on an oil-palm plantation. We observed that oil-palm fruits are gathered alongside roads for collection. We also witnessed some oil-palm fruits routinely fell from overloaded trucks during Overall accuracies = 78.68%; Kappa statistic (K^) = 0.53 transportation. Nevertheless, for a highly adaptable species such as R. diardii adaptability is usually related to omnivory. Beside of of food abundance, suitability for nesting is also one of the main reasons for the high occurrence of rats (Hafidzi 1995) . The high ratoccurrence area were recently replanted. The felled and decomposing palms provide suitable grounds for nesting in the young plantation area. In the case of Rattus norvegicus Berk, the species is able to adapt efficiently to their environment (Traweger and Slotta-Bachmayr 2005) , which sometimes overlaps to that of R. diardii. Taking advantage of the fruits found near roads can be indicative of the adaptability of R. diardii. However, it has to take risk in foraging because the roadside area in the FASSB plantation had only limited cover of bush or grass. Perhaps R. diardii could be more adaptive than R. tiomanicus in the study area because we did not capture a single individual of the latter in three weeks. Wood (1988) stated that R. tiomanicus occurs in the wild but was found infesting oil palms of Sabah only 25-30 years after extensive planting began. Dominance of R. diardii is also evident in the recent rat study of Puan et al. (2011b) in Peninsular Malaysia. The oil-palm plantation was dominated by R. diardii. Rattus tiomanicus was less than 5% of the total rat captured in the oil-palm plantation. Because oil palm is a not a native plant species of Peninsular Malaysia and Borneo, the dynamics of rat species in this transforming habitats can be observed, which shows the difference in distribution between R. tiomanicus in Peninsular Malaysia and Sabah. Similar observation is confirmed for R. diardii and R. argentiventer in Malaysia. Essentially, the adaptation process will continue due to the differences in the adaptability of all three species that are found in oil palm plantations.
Conclusion
Rats are pests that cause economic loss to oil palm plantation owners. Our study revealed that rat occurrence in the FASSB plantation was determined by planting age and distance from the road. Both factors are indicatively related to food availability and low ground vegetation cover. For planting age, the young oil-palm area was high in rat presence. Apart from being an omnivorous species, R. diardii, which was the dominant species captured in this study has been reported in grassland and sparsely-covered vegetation areas in the past. Distance to road (less than 50 m) was one of the important factors in the logistic regression model mainly because of fruitlets fallen off during collection and transportation. Immediate management improvements include recovery of fallen off fruitlets by the roadside and taking measures to reduce quantity of fallen fruits during the course of transportation. The high-resolution satellite image (GeoEye) enabled detailed analysis of land cover composition of the high rat-occurrence areas in the FASSB plantation. Although bareland in the high rat-occurrence area was high, R. diardii appeared to be taking risk of exposure to predators due to the easily available foods. Immediate management improvements include reducing the amount of leftover fruits along roadsides and preventing fruits from falling from trucks. In short, combined GIS and high-resolution remote sensing improved our understandings on rat occurrences in the oil palm plantation. GIS is a useful means of predicting the spatial distribution of high rat-occurrence areas while high-resolution satellite image provides detailed land cover types at the high rat-occurrence areas. With increasing availability of other high-resolution satellite sensors such as QuickBird, IKO-NOS-2 and Worldview-2 at a more affordable cost in recent years, this approach is realistic for predicting and characterizing rat occurrence area in oil palm plantations in Sabah, Malaysia or in the region.
